T e
—— =

ARZY

THE PERFECT BALANCE
BETWEEN TECHNOLOGY
AND CREATIVITY

MADISON

ONE SCIENCE COU'RT
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December 6, 1991 EPA Region 5 Records Ctr.

255463
Mr. Paul Takacs

Illinois Environmental Protection Agency
Division of Land Pollution Control

2200 Churchill Road

Springfield, Illinois 62794-9276

Re: Well Construction/Sampling Methods
Dense Non-Aqueous Phase Liquid Literature

Dear Mr. Takacs:

Enclosed is the information you requested at our recent meeting regarding the
referenced subject matter. We hope this material will be of benefit in your
review. We look forward to resolving remaining issues on Tuesday, December
10, 1991 during our conference call.

In the meantime, if you have any questions, please call.
Sincerely,

WARZYN INC.

///7///7;9 JﬁWJZ/

Kevin J. Domack
Project Manager

KID/kml/GEA
{mad-112-128]
15268.02

Enclosures: As Stated

cc: Mr. Michael J. Radcliffe, Harnischfeger Industries, Inc. (w/encl.)
Ms. Jennifer T. Nijman, Coffield, Ungaretti and Harris (w/encl.)
Mr. Paul R. Jagiello, Illinois Environmental Protection Agency (letter only)
Mr. Joseph J. Annunzio, Assistant Attorney General, State of Illinois (letter only)
Mr. Wayde Hartwick, United States Environmental Protection Agency (w/encl.)
Mr. Kurt Neibergall, Illinois Environmental Protection Agency (w/encl.)
Mr. Steve Williamson, Ebasco Environmental (w/encl.)



INSTRUMENT OPERATING PROCEDURE

KECK SP-84
SUBMERSIBLE SAMPLING PUMP

Scope and Application:

The Keck SP-84 submersible sampling pump is used for purging and
sampling groundwater from wells with diameters of 2 inches or greater.

Reference:

SP-Series Instruction Manual

Apparatus:

1. Submersible pump

2. Power cable, sample tube, air Tine tube

3. Storage reel, control box, 12 V DC power line and source

4, 2-inch and 4-inch inflatable packers

5. Compressed air supply and fittings

6. Decontamination supplies ie; TSP, Liquinox, deionized water, etc.

Operation Procedure:

1.

Connect the.12 V DC power line to a 12 V DC source (vehicle or
portable battery) capable of sustaining 13 to 14 volts and 15 amps.

Place well sleeve with plastic roller on the top of the well casing.
Carefully lower the pump into the well. Allow the weight of the pump
to keep the power cable taut. The pump can become wedged sideways in
4 inch or larger diameter casings.

While lowering the pump, listen for contact with the water column.
Submerse the pump about 5 feet. Do not lower to the bottom of the
well. Sediment could be drawn in and clog the pump.

Turn the voltage/current meter switch to ON-AMPS (Figure 1).

Turn the pump control switch to FORWARD, observing the current level

on the liquid crystal display at the same time. STOP immediately if
the current exceeds 10.0 amps or if the display "blanks out".
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10.

11.

12.

13.

14.

.""If the display reads less than 10.0 amps continue to operate the pump

until the current stabilizes between 4 and 7 amps.

1f the display reads greater than 10.0 amps, check to assure that the
top of the pump is submerged. Be prepared to "rock" the pump contrcl
switch from FORWARD to REVERSE and back to FORWARD. Repeat if

- necessary to rotate the pumping mechanism until it is lubricated with

water and the current stabilizes between 4 and 7 amps. If the pump
has sat idle for a length of time, the stator will need to be
lubricated by rocking (running forward, then backward, then forward,
etc.) the pump before a good flow rate is achieved.

In wells of unknown hydraulic conductivity it is good practice to use
a water level sensing device to monitor the water level to insure that
the pump is totally submerged when sampling. NEVER OPERATE THE PUMP
DRY. Operation of the unit without water to lubricate the moving
parts will cause damege and eventual malfunction of the pump.

ALWAYS monitor the current level while the pump is operating. A
sudden increase in the current indirectly informs the operator that
conditions have changed. STOP immediately and consult notes section.

Calculate the flow rate by measuring the time it takes to fill a
container of known volume (ex. 5 gallon bucket). Once the flow rate
(gallons/minute) is established, the time required to purge the
necessary well volumes can be computed. Table 1 illustrates the
performance curve of the unit. (Containerize purge water if specified
in sampling plan.)

Upon completion of purging, fill the required sample containers as
specified in the sampling plan directly from the discharge tube.

After sample collection, turn the pump control switch to REVERSE and
evacuate the discharge tube by pumping the water remaining in the
discharge tube back down the well. Monitor the current level and the
water in the tubing as it returns to the well. When the current level
increases or the tube draws air, turn the control switch OFF. DO NOT
operate the unit in reverse any longer than necessary. Switch back to
forward and pump for 2 to 3 seconds to reseat the stator. ALWAYS
operate the pump in the FORWARD position for a few seconds after it
has been reversed to reposition the "floating” rotor within the
stator.

Withdraw the pump by carefully winding the power cable and discharge
tubing onto the storage reel. Scrub the power cable and sample tube
with a brush and cleaning solution as they are being brought out of
the well. The pump is now ready for decontamination.

Decontamination Principle:

Adequate decontamination of the pump will increase the operating
efficiency of the system and decrease any possible carryover of
contaminants between sampling points. An effective method for
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cleaning the pump he&d'énd discﬁarge tubing is to pump a cleaning

solution through the pump. Reverse the pump to evacuate the tubing
and flush the intake area. Any procedure that utilizes a cleaning or
chemical solution must be followed by pumping clean distilled or
deionized water through the system.

Decontamination Procedure:

1.

Consult project sampling plan for specific decontamination
recommendations/requirements pertaining to cleaning or chemical
solutions.

Label two tall, clean decontamination containers, "WASH" and “"RINSE",
respectively. Fill the WASH container with the required cleaning
solution (TSP, Liquinox or as specified in sampling plan) and the
RINSE container with deionized or distilled water.

Rinse or wipe any visible contamination off of the pump and immerse
into the WASH solution. Turn the control switch to the FORWARD
position and allow the pump to operate for a few seconds. Raise the
pump out of the cleaning solution for a few seconds and reimmerse.
This creates an "air gap" between the cleaning solution and any
residual sample in the tubing. After the air gap has passed through
the tubing, position the discharge tube so that the cleaning solution
is returned to the WASH container. This procedure minimizes
contamination of the WASH solution. It is recommended that three
volumes of the cleaning solution be pumped through the system. This
is accomplished by creating additional air gaps as the previous one
passes out of the discharge tubing.

Turn the control switch to OFF. Rinse the outside of the pump to
remove any cleaning solution. Immerse the pump in the RINSE container
and resume pumping, allowing the discharge to return to the WASH
container. Create an air gap and watch for the discontinuance of
flow. Allow the discharge to return to the WASH container for a few
seconds after one volume passes through the tubing to remove any
residual cleaning solution. Position the discharge tube so that the
rinse water is returned to the rinse container. Rinse with three
volumes as outlined above.

Pump out rinse by raising the pump out of the rinse container. Then
resubmerge the pump briefly so that the pump is stored wet.

Rinse the power cable and sample tube on the storage reel.

USE OF SP-84 PUMP WITH AN INFLATABLE PACKER

Inflatable Packer Principle:

It is important to obtain representative samples by adequately purging
monitoring wells. Standard procedure presently requires that 3 to 5
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times the volume of the water within the well should be removed prior
to sample collection. The time required to purge and sample varies
due to different volumes of water within each well. In addition, many
projects require that the purged water be collected and disposed of
properly. Both of these factors increase the time and cost of purging
and sampling. L e S . L

The use of an inflatable packer can reduce the time and cost. The
packer is mounted immediately above the pump and creates a seal within
the monitoring well just above the top of the well screen. This
allows the pump to draw water from only the screened portion of the
well. Purge volumes are dependent on the length of the well screen
(usually 5 or 10 feet) and independent of the total height of the
column of water in the well.

Attaching the 2-Inch Inflatable Packer
To The SP-Series Pump

The "SP-84 Inflatable Packer" is designed to attach to the upper portion of
the basic sampling pump. To install the packer, follow these instructions:

1. Remove the three (3) screws that secure the “"electrical/fluid terminal
cap.”

2. Pull the "electrical/fluid terminal cap" away from the remainder of
the pump without rotating.

CAUTION: Care should be exercised to prevent damage to the glass-insulated
electrical terminal on top of the pump.

3. Discc--ect the female electrical boot from the glass-insulated
electrical terminal by pulling the boot.

4, Remove the screw that secures the ground or negative wire lead.

5. Remove the fluid transfer tube.

=
o
—
m

The lower portion of the “inflatable packer module” contains the same
items disconnected in Nos. 3, 4 and 5 above.

|

6. Lubricate the transfer tube with water to prevent damage to the
o-rings and push securely into the hole located within the lower
portion of the packer.

7. Attach the ground or negative wire lead with the screw.

8. Connect the female electrical boot to the glass-insulated electrical
terminal by pushing the boot over the pin.

9. Lubricate the lower end of the fluid transfer tube and the upper end
of the pump with water to prevent damage to the o-rings.
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11.
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13.

14.

NOTE :

P SpepeE, SEPL TR TR N T EU LIRS . ek

Ofienf thé ‘inflatéb1e packer‘hodUTe“ so that the transfer tube will

be in alignment with the hole located on the top of the pump.

Push the lower end of the "inflatable packer module” onto the top of
the pump.

_Replace the three (3) screws to secure the module.

To attach the “electrical/fluid terminal cap” to the top of the
packer, push the 1/8-inch air line onto the hose barb on the top of
the "inflatable packer module" and repeat steps 6 through 12.

Connect the 1/8-inch air line to the brass LEGRIS fitting by simply
inserting the tube.

To remove the air line, push the collet (center) in and pull on the
tubing.

CAUTION: The "inflatable packer module" was NOT designed to support the

extended weight of the pump. When installing or removing the system,
support the unit by holding the solid pump body or the power cable to
prevent bending of the bypass tubes contained within the "inflatable

packer module”. Always store the complete assembly in a container
that will provide full support of the system and prevent any lateral
force from bending or damaging the module.

Attaching The 4-Inch Inflatable Packer

To The SP-Series Pump

Slide the 4-inch inflatable packer onto the bottom of the pump making
sure the end equipped with the air line fitting goes on first.

Using a hammer and a block of wood, gently tap the packer to the top
of the pump.

Tighten the 6 allen screws that secure the packer to the pump.

Connect the air line to the air line fitting.

The well sleeve cannot be used with the 4-inch packer.

If the 2-inch packer is attached to the pump when using the 4-inch
packer, tape the air fitting on the 2-inch packer shut to prevent
water from entering it.

Inflatable Packer Operation:

1.

Insert sampling pump into the well following the procedures listed in
basic operation.
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Lower the pump to the bottom of the well screen.

Raise the pump the length of the well screen plus 1 foot (example:
5-foot well screen - raise the pump 6 feet). If the length of the
well screen is unknown assume a length of 10 feet.

. Connect a compressed air source (SCBA or similar tank, approved air

compressor) to the Schraeder valve located on the storage reel.

Apply air pressure to the valve while watching the pressure gauge.
Normally pressures of 60 to 80 psi are sufficient. Gently tug on the
power cable to insure the packer has been adequately inflated. If the
pump can still be raised apply additional pressure and tug gently
again, Continue to monitor the pressure displaced on the pressure
gauge during purging and sampling. Any decrease in pressure indicates
a leak in the system.

Monitor the water level above the packer during pump operation by
placing an electric water level indicator down the well. This is done
to determine that the packer has adequately sealed the well and that
no water is being drawn into the pump from above the packer. Also
check the packer by monitoring the cable. If the cable becomes
tighter, the packer is sliding down the well and requires additional
air pressure in the packer,

After sample collection, release the applied pressure at the Shraeder
valve. Withdraw the pump as described in basic operation.

Check all wells for plumbness and diameter using a bailer of the same
outside diameter (1.75 inches) and slightly longer than the pump.
This procedure will prevent the lodging of the pump in kinked or
damaged wells.

Monitor the current level for increases in amperage and the turbidity
of discharge. This procedure may prevent sediment-locking of the
rotor within the stator requiring disassembly of the pump.

Care must be employed when using the pump in temperatures below
freezing. Normally the pump will not freeze during operation.
However, if the pump is not going to be operated for any length of
time, it should be placed in a warm environment.

The flat-head screws used to assemble the pump have a tendency to
loosen, allowing water to bypass the O-rings and enter the unit. They
should be checked after every use.

Care must be employed when handling and transporting the unit to
prevent damaging the power cord and the sampling tube, especially
where they connect to the pump. Do not store in a position which
causes the sampling tube to bend. It will kink.
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PROPOSED MONITORING
WELL DESIGN

BELOIT CORPORATION
RI/FS /\\

SAMPLE ]
COLLECTION
SURFACE SEAL-
BENTONITE POWDER
GROUND SURFACE
__FROSTLNE _________
1l ANNULAR S/PACE SEAL
WATER TABLE BENTONITE /CEMENT GROUT
PVC RISER TO SURFACE
SCH. 40 IF DEPTH < 90 FT.
SCH. 80 IF DEPTH > 90 FT.
THREADED FLUSH JOINT
SEALED WITH TEFLON TAPE
10 FT. STAINLESS
STEEL RISER
o SAMPLE FLUID
m TRANSFER TUBE
SEAL—FINE SILICA SAND OR
& L BENTONITE CHIPS OR PELLETS
L PACKER
SAMPLING PUMP
" FILTER PACK

STAINLESS STEEL SCREEN
10 FT. (WATER TABLE WELL)
5 FT. (INTERMEDIATE AND
DEEP WELLS)

END CAP
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SEPA  Ground Water Issue

DENSE NONAQUEOUS PHASE LIQUIDS
Scott G. Huling* and James W. Weaver**

Background phass liquids have & specific gravity greater than water, and
the light nonagueous phase liquids (LNAPL) have a specific
The Ragional Superfund Ground Water Forum is 3 group o! gravity lass than waler,
EPA professionals representing EPA’'s Regional Superfund
Oflices, commitied to the identilication and the resolution of Several of the most common compounds associaled with
ground water issuas impacting the remediation of Superfund DNAPLs found at Superfund sites are included in Table 1.
sites, The Forum is supported by and advises the Superfund Thesa compounds are a partial list of a larger list idenlified by a
Technical Support Project. Dense nonaqueous phase liquids is  natlonal screening of the most prevalent compounds found at
an lssue idantified by the Forum as a concern of Superfund Superfund sites (65). The general chemical categories are
declsion-makars. For further information ¢contact Scott G, halogenated/nan-halogenated semi-volatiles and halogenatad
Huling (FTS:743-2313), Jim Weaver (FT5:743.2420), or volatiles, These compounds are typically found in the following
Randall R. Ross (FTS: 743.2355), wastes and waste-producing proceases: solvants, wood
preserving wastes (creosote, pentachlorophenol), coal tars,
Introduction and pesticides, The most frequently cited group of these

contaminants 1o data are the chiorinated solvents.

Dense nonaqueous phase liquids (DNAPLs) are present at
numerous hazardous waste siles and are suspected to exist at ~ DNAPL Transport and Fate - Conceptual Approach
many more. Due to the numerous variables influencing DNAPL

transport and fate in the subsurface, and consequantly, the Fate and transport of DNAPLS In the subsurface will be
ensuing complexity, DNAPLs a-a lar n presented from a concepiua! point of view. Figuras have been
ik ignificant limiting factor in site remediation. sslacted {or various spill scenarios which illustrate the general

This issue paper is a fiteralure evaluation focusing on DNAPLs behavior of ONAPL in the subsurfacs. Fellowing the

and provides an overview from a conceptual fate and transport  conceptual appreach, detailed information will be presented

point of view of DNAPL phase distribution, monitoring, site explaining the spacific mechanisms, processes, and variables

characterization, remediation, and modeling. which influence DNAPL ta‘e and transpor. This includss
DNAPL charactaristics, subsurface maedia characteristics, and

A nonaquecus phase liquid (NAPL) is a term used 1o describe saluration dependent paramaeters.,

the physical and chemica! dilferences between a hydrocarbon

liquid and walaer which result in a physical interface batween a Unsaturated Zone

mixture of the twe liquids. The interiace is a physical dividing

surface betwean the bulk phases of the two liquids, but Figure 1 indicates the ganeral scenario of a release of DNAPL
compounds found in the NAPL are not prevented from into the soil which subsequeatly migrates vartically under bath
solubilizing into the ground water. Immiscibilty is typically + the forces of gravity and soil Capiltarity. Sofl Capillarity is also-..
determined based on 1he visual ebservatian of a physical responsible for the Jateral migration of DNAPL. Apointis ™ ™

interlace in a water- hydrocarbon mixture. There are numerous  reached at which the DNAPL na longer holds together as a
mathods, however, which are used to quantify the physical and  continuous phase, but rather is present as Isolated residual
chemical properties of hydrocarbon liquids (31). ~ globules, The fraction of the hydrocarbon that is retained by
capillary forces in the porous media is refarred to as resicual
Nonaqueous phase liquids have typically been divided into two
general calegories, dense and light. These terms describae the * Environmental Engineer,* Resaarch Hydrologist, U.S.

spoc_iﬁc gravity, or the weight of 1he nonaqueous phase liquid Environmental Protaction Agency, Robart S. Kerr Environmantal
relative to water. Correspondingly, the danse nonagueous Research Laboratory, Ada, Oklahcma,
‘\\C}“ON *

S
8‘.’ " ’1% cs;uporfgrc: '{ochnology Support Canter for §
o o5y round Watar

. ropont .
rorect . Robent S. Kerr Environmental
% & Research Laboratory -Wahar W. Kov
Morocy s Ada, Oklahoma - Dirdeior 3%

T Frnted on Rocycied Pagni




Ta!;k 1. Most prevalent chemical compound

satUSs. Su_por!und Sltes (65) with a specific gravity

4] mgA

(8]

greater than one, ) ,
Density DOynamic{2] Kinematie  Water[4] Henry's Law tho‘r[G]

Cempound {1 Viscosity Viscosity[d] 8elub, Constani[S]  Pressure
Halogenated Semi-volatiles
1.4-Dichlorobenzene 1.2475 1.2580 1.008 8.0 E+01 1.58 £-03 € E-01
1,2-Dichlarsbenzene 1.3060 1.3020  0.997 1.0 E+02 1.88 E-03 9.8 E-01
Aroclor 1242 1.3850 45 E-O1 3.4 E-04 4,06 E-04
Aroclor 1260 1.4400 2.7 E.03 3.4 E-04 4.05 E-05
Aroclor 1254 1.5380 1.2 E-02 28 E-04 7.71E-05
Chisrdane 1.6 1.1040  0£9 58 E-02 22 E04 1 EOS
Dieldrin 1.7500 1.86 E-01 9.7 E-06 1.78 E-07
2.3,4,6-Tetrachiorophenol  1.8390 1.0 E+03
Pentachiorophenal 1.8780 1.4 E+01 2.8 E-06 1.1 E-04
Halogenated Volatiles
Chlorcbenzens 11060 07560 0683 4.9 E+02 3.46E-03 8.8 E+00
1,2-Dichlorspropane 1.1580  0.8400 0.72 27 E+3 3.6 E-03 3.95E+01
1,1-Dichloroethane 1.1750 0.3770 0.321 55 E+03 5.45 £-04 1.82 E+02
1,1-Dichiorosthylens 1.2140  0.3300 027 4.0 E+02 1.49 E-03 § E+02
1.2-Dichloroethane 1.2530 0.8400  0.67 8.69 E+03 1.1 E-Q3 6.37 E+01
Trans-1,2-Dichlorosthylene  1.2570  0.4040  0.321 6.3 E+03 5.32E-03 2.65E+02
Cis-1,2-Dichloroethylene 1.2480 0.4570 0.364 3.5 E+03 7.5 E-03 2 Es02
1,1,1-Trichloroethane 1.3250 0.8580 0.647 95 E+02 4.08 E-03 1 E+02
Methylene Chioride 1.3250 0.4300 0.324 1.32E+04 257E-G3- 3.5 E+02
1,1,2-Trichlorosthane 1.4436 0.1180 0.624 45 E+03 1.17 E-03 1.88 E+01
Trichlorosthylene 1.4620 0.5700 £.299 1.0 E+03 8.92 E-03 5.87 £+01
Chloroform 1.4850 0.5630 0379 8.22 E+03 3.75E-03 1.6 E+02
Carbon Tetrachloride 1.5847 0.9650 CEss 8.0 E+02 2.0 E-02 9.13 E+01
1,1,2.2-Tetrachioroethane 1.6 1.7700 110 29 E+03 5.0 E04° 49 E.C0
Tatrachlorosthy'ene 16250 08900  0.54 1.5 E«02 2.27E-02 1.4 E+09
Ethylena Dibromide 2.1720 16760 C.79 3.4 E«03 3.18E-04 1.1 E+01
Non-halogenated Semi-volstiles
2-Methy! Napthalene 1.0058 2.54 E+01 5.06 E-02 6.80 E-02
o-Cresol 1.0273 3.1 E+04 4.7 E-05 2.45 E-01
p-Cresol 1.0347 24 E+04 3.5 E-04 1.08 E-Ot
2,4-Dimethylpheno! 1.0360 6.2 E+03 25 E-06 9.8 E-02
m-Cresal 1.0380 21,0 20 2.35 E+04 3.8 E-05 1.53 E-01
Phenol 1.0576 3.87 8.4 E+04 78 E-07 5.283E-01
Naphthaiene 1,1620 3.1 Eso0f 1.27 E-03 2.336E-01
Benzo(a)Anthracene 1.1740 1.4 E.02 45 E-06 1.16 E-09
Flourene 1.2030 1.9 E+C0 7.65 E-05 6.67 E-04
Acanaphthene 1.2250 3.88 E+00 1.2 E.03 2.31 E-02
Anthracena 1.2500 75 E-02 3.38 E-05 1.08 €-05
Dibenz(a,h)Anthracene 1.2520 2.5 E.03 7.33 E-08 1 E-10
Flueranthene 1.2520 2.65€-01 6.5 E-06 E02 E06
Pyrene 1.2710 1.48 E-01 1.2 E-05 6.67 E-06
Chryspno 1.2740 6.0 E-03 1.05 E-06 63 E-09
2,4-Dinitrophenol 1.6800 6.0 E+03 6.45E-10 1.48 E-05
Mlacslianecus
Coal Tar 1.028M" 18,98
Creosote 1.05 1.08%

0} gee {8] am-mmol

f2) centipoise (cp), water has 8 dyramic viscosity o 1 ¢p a1 20°C. (6] mm Mg

[3] centistokes {cs) (7] 45¢F {70)

15.5°C. varies with creosote mix (62)
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Figure 1. The entire volume of DNAPL Is exhsusied by resldusl
saturalion In the vadose zone prlor to DNAPL resching
the water table, Soluble phase compounds may be
leached from the DNAPL residusl ssturation snd
contaminate the ground water.

saturation. In this spill scenario, the residual saturation in the
unsaturated zone exhausted the volume of DNAPL, preventing
k from reaching the water table. This figure also shows the
subsequant leaching (solubilization) of the DNAPL residual
saturation by water percolating through the unsaturated zone
{vadose 2one). The Jeachate reaching the salurated zone
tesults in ground-water contamination by the soluble phase
components of the hydrocarben, Additionally, the residual
saturation at or near the waler table Is also subjected to
leaching from the rise and fall of tha water table (seasonal, sea
level, etc.).

Increasing Information is drawing antention 1o the importance of
the possiblity that gaseous-phase vapors from NAPL in the
unsaturated zong are responsible for contaminating the ground
water and soil (18,47). It is reported that the greater “relative
vapar density® of gaseous vapors to air will be affected by
gravity and will tend 1o sink. In subsurface systems where
lateral spreading is not restrictad, spreading of the vapors may
occur as indicated in Figure 2. Tne result is that a greater
amount of sails and ground water will be exposed tc the
DNAPL vapors and may result in funther contamination, The
extent of contamination wili depend largely on the partitioning
of the DNAPL vapor phase between the agueous and salid
phases.

It is apparent from Figures 1 and 2 that the DNAPL may be
present in the subsurface in varous physical states or what i3
relerred to as phases. As illustrated in Figure 3, there are four
passible phasas: gaseous, solid, water, and immiscible
hydrocarbon (DNAPL) in the unsaturated zone. Contaminants
associated with the release of DNAPL can, therelore, occur in
four phases described as follows:

1. Air phase - contaminanis may be present as vapors:

2. Solid phase - conlaminants may adsorb or partition crtc
the soil or aquifer material;

3. Water phase - contaminants may dissolve inio the water
according to their solubility; and

Figure 2. Migraiion of DNAPL vapore from the spiil ares and
subsequent contamination of the salls and ground
water,

4. Immiscble phase - contaminants may be present as
dense nonaqueous phase fiquids.

The four phase system is the most complex scenario bacause
there are four phases and the contaminant can partition
betwesn any one or all lour of these phases, a3 illustraled in
Figure 4. For example, TCE introduced into the subsurface as
a DNAPL may parttion onto the soil phase, volatilize into the
scil gas, and solubilize into the water phase resulling in
contaminalion in all {sur phases. TCE can also partition
between the water and soil, water and air, and between the scil
and air. There are six pathways of phase disiribution in the
unsaturaed zone. The distribution of a contaminant between
lhese phases can be represented by empirical relationships
referrad to as partition cosfficients. The partition coelicients, or
the distribution of the DNAPL between the four phases, is
highly site-specific and highly dependent on the characteristics
of bath the soilvaquiter matrix and the DNAPL. Therelore, the
distribution between phases may change with time and’or
location at the same site and during different stages of site
remediation.

ONAPL

Flgure 3. A DNAPL contaminated unsaturated zone has four
physlcal states or phases (alr, solid, watar, Immlscible).
The contaminant may be present in any one, or all four
phases.



N

SEETE RS ATVRR LS e W 1Ty AT

T I N T T SR M T e e M Ny B A ST,

Four Phase System
Paltion Cosfficlants

K = Sol-watsr parvdon coefficient
. Ky = Honryas Congtant
Air K' = DNAPL-waw? partition costicient
AN K - ONAPL-tr partidon cosfficient
/AN

K \
DNAPL MY

K AS N
,-\\\\
Water < > = Soil

shar OrQuusio, 1900 (8}

Sand

raclured
Rock

T T A—
o ELNEEN

Figure 4, Distribution of DNAPL batween the faur phases found
In the vadosa zone.

The concept of phasa distribution Is critical in decislon-
making. Understanding the phase distribution of a DNAPL
Introducad into the subsurtace provides significant Insight in
determining which tools are viable options with respect 1o site
characterization and remediation,

DNAPL represented by residual saturation in the four phase
diagram is largely immobiie under the usual subsurface
pressure conditions and can migrate further only: 1) in water
according to its solubility; or 2} in the gas phasa of the
unsaturated zane (47). DNAPL components adsorbed onto the
soll are alsa considered immobile. The mobile phasas are,
therefore, the soluble and volatite components of the DNAPL
In the water and alr, respactively.

The pore spaté In the unsaturated 20ne may be filted with onc
6¢ &M tR7ad U8 phasus (yuswuus, ayueaus, immisciblo). The
presonce of DNAPL a2 a conliAUSUS Immisuivly pliase has the
potential {o be mobile. 114 MaBlity 8t DNAPL It thy
subsurface must be evaluated on a case by case basis. The
maximum number of potentislly mobile fiuid phases is three.
Simultaneous flow of tha three phases (air, wate!, and
immiscible) Is considerably more complicated than two-phase
flow (45). The mobility of three phase ficw in a four-phase
system fs complex, poorly understood, and is beyond the
scopé of this DNAPL overvigw. The relative mobility of the two
phasaes, water and DNAPL, in a thrae-phase system is
preaented below in the section entitled "Re'ative Permeabitity.”

Generally, rock aquifers contain a myriad of cracks (fractures)
of various lengths, widths, and apenures (32). Fractured rock
systoms have bean described as rock blocks bounded by
discrete discontinuities comprised of fraciiraes, joints, and
shear zones which may be open, mineral-filted, deformed, or
any combination thereof (61). The unsaturated zone overlying
thess fractured rock systems also contain the myriad of
prefarential pathways. DNAPL introduced into such formationt.
(Figure 5) follow complex pathways dus 10 the heterogeneous
distribution of the cracks, corduhs, and fractures’, L.,
prelerential pathways. Transport of DNAPL may follow non-
Darcian flow in the opan fractures andror Darcian flow in the
porous media lilled Iractures. Relatively small volumes of
NAPL may move daeep, quickly Inic the rock bacause the

Figure §. DNAPL spilied Into fractured rock systems may
follow » complex distribution of the preferential pathways.

retention capacity offered by the dead-end fractures and the
immobile fragments and glcbules in the largar fracturas is so
small (32). Currenlly, the capasbility to collect the detailed
information for a complete dascription of a contaminated
tractured rock system is regarded as neither technically
possible nar economically feasible (61).

Low permeability stratigraphic units such as high clay content
fcrmations may also contain a heterogeneous distribution of
preferential pathways. As lfustrated in Figure 6, DNAPL
transport in thase pre’erantial pathways is correspondingly
complex. Typically, it is assumed that high elay contont
formations are impervicus to DNAPL. However, as DNAPL
spreads out on low parmeable formations it tends to seek out
zones of higher permoability. As a resull, prelerential pathways
aliuw the DNAPL t¢ migrato further into the lew permeabla
luimation, or througn it to underlying stratigraphin nils his
apparant iumn Figpnus 3 and G that the comploxity of @MAPL
transpar tiuy be siynilivant prior to reaching the watar table.

Saturated Zone

The second generai scenario is one in which the volume of
DNAPL is sufficient 10 overcoms the fraction depleted by the
resicual saluration in the vadose 20ne, as illustratad in Figure
7. Conseauently, the DNAPL raaches the water 1able and
coniaminates the ground water directly. The specific gravity of
DNAPL is greater than water, therefore, the DNAPL migrates
into the saiurated zore. In this scenario, DNAPL continues the
vaertical migration through the saturaied zone until the volume
is evgntcally axhausted by the residual saturalion pracess or
until it is intercepted by a low parmeable formation where it
begins to migrate laterally.

P ietri . R q

Due to the lack of the gaseous phase, the saturated zone
containing ONAPL is considered a three-phase system
consisting of the solid, water, and immiscible hydrocarbon
(Figura 8). Contaminant distridution in the three-phasa system
is iess compiex than ihe four-phase system. Again, Ihis is
highiy dependent on the characteristics of both the aquifer
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Figure 8. DNAPL spllied into 8 low permasbls formation may
follow & complex distribution of praferential pathways.
The volume of DNAPL (s exhausted (n the vadose zone
prior (o reaching the water table.

matrix and the DNAPL. Figure 9 Indicates the three phases
and the transfer of the mass of contaminan! betwaen the
phasaes, In this scenario, there ara only three pathways of
phase distribution in the saturated zone,

Note that when the DNAPL is represented by residual
saturation in the three-phase system, the mobile phase of the
contaminant is the water soluble components of the DNAPL
and the immobile phasaes are the residual saturation and the
adsorbed componants of the DNAPL associated with the
aquifer matarial. The main mobilization machanism of the
residual saturation is removal of soluble phase componaents
into the ground water. When the DNAPL is present as a
continuaus immiscible phase, & too Is considered one of the
mobile phases of the contaminant. While the continuous phase
DNAPL has the potential to be mobile, Immobile continuous
phase DNAPL may also exist in the subsurface. Although the
saturated zone is considered a three-phase system, gaseous
vapors Iram DNAPL in the unsaturated zone does have the
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Figure 7. The volume of DNAPL js sufficlent to overcome the
residus! saturstion in the vadose zone and
conaequenily penetrates the water table,

Figure 8. A DNAPL conteminated saturated zone has thres
phases (solid, water, immlsclble). The contaminsnt
may be present in sny ona, or all three phases.

pctential 1o affect ground-water quality, as was indicated eariier
in Figure 2.

Assumirg the residual saturation in the saturated zone does
not deplete the entire volume of the DNAPL, the DNAPL will
continue migrating venically until it encounters & zone or
stratigraphic unit of lower permeabilily. Upon reaching the 2one
of lower permaability, the DNAPL will begin ta migrate faterally.
The hydraulic conductivity in the vertical directien is typically
less than in the horizontal diraction. it Is not uncommon to find
vertical conductivity that is one-fifth 6r ong-tanth the horizontal
value (4). 1t is expected that DNAPL spilled into the subsurface
will have a significant potential to migrate lateralty. If the lowar
permeabla boundary is "bow! shaped®, the DNAPL will pond as
2 raservoir (refer 1o Figure 10). As illustrated in Figure 11, tis
not uncommon to cbserve a perched DNAPL reservoir where a
discontinuous impermeable layar; i.e., silt or clay lens,
intercepts the vertical migration of DNAPL. When a sufficient
volume of DNAPL has been released and multiple
discontinuous impermaablg layers exist, the DNAPL may be
presant in several perched reservoirs as well as a deep

Three Phase System

DNAPL
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K'= DNAPL.water partition cocfficicnt
K = Soil-waler partition coefficient

Figure 9. Distribution ot DNAPL between the three phases found
in the saturated zane. .
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Figure 10. Migralicn o! DNAPL through the vadose zone to an
Impermezble baundary.

reservolr (refef 1o Figure 12). Lateral migration continues until
either the residual saturation depletes the DNAPL or an
Impermeable depression immobilizes the DNAPL in a reservoir
type scanario. Soluble-phase compeonents of the DNAPL will
partition into the ground water from both the rasidual saturation
or DNAPL pools, The migration of DNAPL vertically through
the aquifer results in the release of soluble-phase compornants
of the DNAPL across the entire thicknass of the aquiter. Note,
that ground water becomes contaminated as it flows through,
and around, the DNAPL contaminated zone.

As Indicated earlier, DNAPL will migrate lateraliy upon
reaching a siratigraphic unit of lower permeabillty. Transpon ¢f
DNAPL will thersfore be largsly dependant on the gradient ol
the stratigraphy. Occasionatly, the directional gradient of an
impermaable stratigraphic unit may be diffarent than the

"diraction ot ground-water flow as Hlustrated in Figure 13a. This

may result in the migration of the continuous phase DNAPL in
& direction ditferant from the ground-water flow. Nonhorizontal

. stratigraphic units with varying hydraulic conductivity may also

convey DNAPL in a different direction than ground-water flow,
and at different rates (rafer jo Figure 13b), Determination of the
direction of impermeable stratigraphic units will therefors
provide useful information concerning the direction of DNAPL
transport.
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Figure 11, Perched DNAPL reservol-.

Figure 12, Perched and deep DNAPL reservolra.

Similar to the unsalurated zone, the saturated zone also
contains a complex distribution of preferential pathways Irom
cracks, fractures, joints, etc. DNAPL introduced into such
formations cerrespandingly follow the complex netwerk of
pathways through an otherwise relatively imparmeable rock
malerial. Other pathways which may behave as vertical
conduits for DNAPL include root holes, stratigraphic windows,
disposal wells, unsealed geatechnical borehales, improperly
sesled hydrogeological invastigation sampling holes and
monitaring wells, and cid uncased/unsealed water supply walls
(72). Transpont of the DNAPL may migrate very rapidly in these
open conduils or follow Darcian flow in the surrounding porous
media or porous media filled fractures. A relatively small
volume of DNAPL can mové deep into a fractured system cdue
{o the low retantiva capacity of the fraclured system.
Consequently, fractured clay or rock stratigraphic units, which
are often considered lower DNAPL boundary conditions, may
kave preferential pathways leading to lower formations, as
depicted in Figure 14, Careful inspection of soil cores al one
Suparlund site indicated that ONAPL fiow mainly occurrad
through preferential pathways and was not unilormly
disiributed throughout the st mass (8). Due to the complex
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Figure 13a. Stratigruphic gradient different from ground water
grodient results In 8 different direction of fiow of the
ground waler snd continuous phase DNAPL.
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Figure 13b. Non-horlzontal stratigraphlc units with veriable
hydraulic conductivity may convey DNAPLIna
ditferent direction than the ground walet fow
direction,

-distribution of preferential pathways, ¢haracterization of the
volume distribution of the DNAPL is difficult.

important DNAPL Transport and Fate Parameters

There are sevaral characteristics associated with both the
subsurface media and the DNAPL which largely determine the
{ate and transport of the DNAPL. A brie! discussion of thesa
parameters is included 10 help identity the specitic details of
DNAPL transport mechanlsms. Several of the dislinclive
DNAPL phenomana observed on the fiald-scale relates back 1o
phanomana at the pore-scale. Therefore, it Is imporant tc
understand the principles from the pore-scale leve! to develop
an undérstanding of tield-scale observations, which is the scale
at which much of the Superfund work occurs, A more
completa and comprehansive review of thase paramaters is
available (2,36,71),
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Figure 14. DNAPL transport In Iracture and porous media
stratigraphic units,

DNAPL Characteristics

Density

Fluld density Is defined as the mass of fluld par uni volume,
i.e. g/em?, Density of an immiscible hydrocarbon fluld Is the
parameter which delineates LNAPL's from DNAPL's. The
property varies not orly with molecular weight but also
molecular intaraction and structure. In genaral, the density
varies with temperature and pressure (2). Equivalent methods
of expressing density are specific weight and spedilic gravity.
The specific weight Is defined as the weight of tluid par unit
volume, i.e. b3, The specilic gravity (S.G.) or the relative
denslty of & tluid is defined as the ratlo of the welght of a given
volume of substance at a specified temparature to the weight
of the same volume of water at a-given 1emperature (31). The
S.G. Is a relative Indicator which utimately determines whether
the fluid will float (S.G.< 1.0) on, or penétrate Into (S.G.>1.0)
the water table. Table 1 contains a list of compounds with a
density greater thar, one thal are considered DNAPL's. Note,
howaver, that while the specific gravity of pantachlorophenocl
and the non-haloger.ated semi-volatiles is greater than 1.00,
these compounds are a solid at room temparature and would
nat be expected to be found as an immiscible phase fiquld at
wood presarving sites but are commonly found as contami-
nants. Pentachloropheno! is commonly used &3 a wood
presarvant and is typically dissolved {4-7%) In No. 2 or 3 fuel
oil.

Viscost

The viscosily of a lluid is a measure of its resistance to tiow.
Malacular cohesion is the main cause of viscosity. As the
temperature increases in a liquid, the cohasive forces
decrease and the absolute viscosity decreases. The lower the
viscosity, the more readily a fluid wilt penetrate & porous
media. The hydraulic conductivity of porous maedia is a function
of both the density and viscosity of the fluid as indicated In
equation [1]. It is apparent from this equation that fluids with
either a viscosity lass than water or fluids with a density greatar
than water hava the petential 10 be more mobite [n the
subsurface, than water,

K= kpg whes, K = hydraulic conductivity (1]
N k = intrinsic permeability
p = fluid mass density
g = gravity
g « dynamic (absolute) viscosity

Results from laboratory experiments indicated that several
chlorinated hydrocarbons which have law viscosity (methylene
chioride, perchloroethylene, 1,1,1-TCA, TCE) will infiltrate into
soil notably faster than will water (47). The relative value of
NAPL viscosity and density, to water, indicatas how fast i will
flow in pcrous media {100% saturated) with respect 1o water.
For exampla, several low viscosity chlorinated hydrocarbons
(TCE, tetrachioroethylene, 1,1,1-TCA, Methylene Chicride,
Chloroform, Carbon Tetrachloride, refer to Table 1) will tlow
1.5-3.0 times as fast as water and higher viscosity compounds
including fight haating ail, diese! fuel, jet fual, and crude ol (i.¢.
LNAPL's} will fiow 2-10 timas slowar than water (45). Both coal
1ar and crecsote typically have a specilic gravity greater than
one and a viscosity greater than water, R is interesting to ncte




that the viscoelty of NAPL may change with time (36). As fresh
crude olls lose the lighter volatiie components from
evaporation, the oils become more viscous as the h.eavlor
components compose a larger fraction of the oily mixture
resulting In an increase in viscosity.

Solubiity

When an organkic chemical Is in physical contact with water, the
organic chemical will partition into the aqueous phasae. The
squilibrium concentration of the organic chemical in the
aquecus phase ls referred 10 2s its solubility. Table 1 prosents
the solubliity of several of the most commonly found ONAPL’s
st EPA Superfund Sitas. The solubility of organic compounds
varies considerably from the infinitely miscible compounds,
including alcohols (ethane!, methanol) to extremely low

solubiity compaunds such as polynuclear aromatic
compounds.

Numerous variables Influence the solubility of organic
compounds. The pH may affect tha solubiiity of same organic
compounds. Omanic ecids may be expected to increase in
solubllity with increasing pH, while organic bases may act In
the opposite way (31). For example, pentachlorophenc! is an
acid which is lonized at higher pH's, In the lonized form,

" pentachlorophenol would be more soluble in water (59).
Solubllity In water is a function of the temparature, but the
sirength and direction of this function varies. The presence of
disscived salts or minerals in water leads to moderate
decreases In solubility (31). In 2 mixed solvent system,
conslsting o! waler and one or more water-miscible
compounds, as the fractian of the ¢cosolvent in the mixture
increases, the solubility of the crganic chemical increases
exponentially (12). In gengral, the greater the molecular weight
and structural complexity of the organic compound, the lower
the solubility.

Organic compounds are only rarely found in ground water at
concentrations approaching thair salubility limits, even when
organic fiquid phases are known or suspected to be present,
The observed concenirations are usually morg than a factor of
10 lower than the solubility presumably due to diffusional
limitations of dissolution and the dilution of the dissolved
erganic contaminants by disparsion (74), This has also been
attributed 10: reduced solubility due ‘o the presence of other
soluble compounds, the heterogangous distribution of DNAPL
ln the subsurtace, and dilution from monitaring wells with long
intake lengths {10). Detection of DNAPL components in the
subsuriace balow the solubility should clearly not be
imerpreted as a negative indicator for the presence of DNAPL.

In & DNAPL spill scenario where the DNAPL ot its vapors are
in contact with the ground water, the concentration of the
soluble phase components may range from non-detectable up
10 the solubiiity of the compound. The rate of dissolution has
been expressed as a function of the properties of the DNAPL
components (solubility), ground water fiow conditions,
diferential between the actual and solubility concentration, and
the contact area between the DNAPL and the ground water
(10). The contact area is expected to be hetsrogensous and
ditficuh 1o quaniify. Additionally, as the time of contact
Increases betwasn the DNAPL and the water, the
concentration in the agueous phase increases.

Yapor Pressure

The vapor pressure is that characteristic of the organic
chamical which datermines how readily vapors volatilize or
evaporate from the pure phase liquid. Specifically, the partial
pressure exerted at the surface by these free molecules s
known as the vapor pressure (30). Molecular activity In a liquid
tends to lree some surface molecules and this tendancy
towards vaporization is mainly dependent On temperature. The
vepar pressure of DNAPL's can actually be greater than the
vaper pressure of volatita organk compounds. For example, at
20 C, the ratio of the vapor pressures of TCE and benzens is
1.4(1).

Yolatifity

The volatility of a compeund is 3 measure of the transier of the
compound from the aqueous phase 1o the gaseous phase. The
transfer process from the water o the atmosphere Is
depandant on the chemical and physical proparties of the
compound, the prasence of othar compounds, and the physical
propariies (velocity, turbulence, depth) of the water body and
atmosphere above it. Tha factors that control volatilization are
the solubility, molacular weight, vapor pressure, and the nature
of the air-water interface through which it must pass (31). The
Henry's constant is a valuable paramater which can be used to
help evaluate the propensity of an arganic compound to
volatilize from the water, The Henry's law constant is defined
as the vapor pressure divided by the aqueous solubility,
Thaeralore, the grealer the Henty's law constant, the greater the
tendency to volatilize trom the aqueous phass, refer 10 Table 1.

igl Tensi

The unique behavior of DNAPLs in porous media is largely
attributed 10 the interfacial tension which exists between
DNAPL and waler, and belween DNAPL and air. These
interfacial tensions, result in distine! interaces between these
fluids at the pore-scale. Whaen two immiscible liquids are in
contact, there is an interfacial energy which exists batwaen the
fivids resutlting in a physical interface. The interfacial enargy
2nses from the difforence between the inward anraction of the
moleculas in the inlerior of each phase and those at the
surlace of contact (2. The greater the interfacial tension
batweaen two immiscble liquids; the less likely emulsions will
form; emulsions will be more stable if formed, and the belter
the phase separation after mixing. The magnitude of the
interfacial tension is less than the larger of the surface tension
values for the pure liquids, because the mutual attraction of
vnlixe molecules at the intertace reduces the large imbalance
ot forces (31). Intartacial tension decteases with increasing
temperatura, and may be affected by pH, surfactants, and
gases in so!ution (35). When this force is encountered between
a liquid and a gasecus phase, the samae force is called the
surface tension (66).

Tne displacement of water by DNAPL and the displacement of
DNAPL by water in porous media often involves a phenomena
referrad ta 2s immiscible lingering. The lower the interfaclal
tensian between immiscible fluids, the greater the instability of
the water'CNAPL intarface and thus the greater the immiscible
tingering {27). The distrioution cf the lingering effects in porous
madia has baen reported (o ba a function ol tha dansity,
viscosity, tyrface tension {27) and the displacement velocity



(13) of the fluids Involved as wall s the porous media
heterogencity (28).

Wettabil

Waettablity refers to the relative affinity of the soll for the
various fluids - weter, alr, and the organlc phase. On a soild
surface, exposed to two diffarent fluids, the wetabilty can be
Infarred from the contact angle {66), also referred 1o as the
wetting angle, refar to Figure 15, In general, If the welting angle
Is less than 90 degrees, the fluid is said to be the wetting fluid.
In this scenario, water will preferantially occupy the smailer
pores and will be found on solid surfaces (14). When the
wetlting angle is near 90 degrees, neither fluid is preferantially
sftracted to the 8olid surfaces. If the wetting angle i greater
than 90 degrees, the DNAPL is said 10 be the wetting fluid. The
wetting angle is an indicator used to determine whether the
porous material will be preferentially wetted by either the
hydrocarbon or the aqueous phase (71). Wettability, theretore,
describes the preferential spreading of one fluld over selid
sudfaces In a two-fluid system. The wetting angle, which is a
measure of wattablilty, Is & solid-liquid interaction and can
sctually be delined in terms of Intedacial tensions (71).

Several mathods have been developed 10 measure the wetting
angle (36,71). In most natural systems, water Is the wetting
fluid, and the immiscible fiuid is the non-wetting fluid. Coal tar
may be the excaption (i.e. contact angle greater than 80
degrees), which 1s mainly attributed 10 the presence of
surfactants (70). The wefting fluid will tend o coat the surface
of grains and occupy smaller spaces (i.e. pore throats) in
porous media, the non-wetting fluid will tend to be restricted to
the largest openings (47).

The wetling angle depends on the character of the solid
surface on which the test is conducted. The tes! is conducted
on flat plates composed of minerals which are believed
represantative of the media. or on glass. Contact angle
mee3uramonts for srude il indicatas that the wetting angles
vary widely depaending on the mineral surface (53). Soil and
aquiler material are not composed of homogsenacus mineral
composition nor flat surfaces. The measured wetling angle can
only be viewed as a qualitative indicator of wetting behavior.

The reader Is recommended to refer to relerence No. 31 for
teview of the basic principles and for various techniquas to
measure the following DNAPL parameters: density, viscosily,
Interfacial tension, solubility, vapor pressure, and volatility.
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Figure 15. Welting sngle and typical wetting tiuld relatlonships.

Subsurface Medla Characteristics
I !

Capillary pressure is importam in ONAPL transport because t
largaly determines the magnltude of the residual saturation that
fs loft behind after a spill incident. The greater the capliiary
pressure, the greater the potential for rasidual saturation. In
general, the capillary fotce increasas in the following ordar;
sand, sitt, clay. Correspondingly, the residual saturation
increases In the samae order, Caplllary pressure is & measure
of the tendency of a poraus medium 10 suck in the watting fluid
phase or to repal the nonwetting phase (2). Capillary forces are
closely related to the wettability of the porous media. The
preferential attraction of the wetting fluid to the solid surfaces
cause that fiuid to be drawn into the porous media. Capillary
forces sre due to both adhesion forces (the attractive force of
liquid for the solids on the walls of the channels through which
It movas) and cohesion forces (the attraction forces between
the malecules of the fiquid) (32). The capillary pressure
depends on the geometry of the void space, the naiure of
solids and liquids, tha degree of saturation (2) and ln genaral,
increases with a decreass In the wetling angle and in pore
size, and with an increasas in the intarlacial tension (71). All
poras have some value of capillary pressure. Before a
nonwetting Hluid can enter porous media, the capillary pressure
of the largest pores (smallest capillary pressure) must be
exceaded, This minimum capiliary pressure is called the entry
pressure.

In the unsaturated zone, pore space may ba occupied by
watar, air (vapcrs), or immiscible hydrocarbon. In this scanario,
capiliary pressure retzins the water (watting phase) mainly in
the smaller pores whare the capillary pressure is greatest. This
restricts the migration of the DNAPL (non-wetting phase)

through the larger poras unoccupied by water. Typically,
DNAPL doss not dispidda the poty walut iom the smalior
pores. It is interesting 10 note that the migration of DNAPL
through fine material (high capillary pressure) will be impedad
upon reaching coarser material {low capiliary pressure).

The capillary fringe will obstruct the entry of the DNAPL into
the saturated zone When a sufficient volume of DNAPL has
baen releasad and the "DNAPL pressure head" exceeds the
watar capiliary pressure at the capillary fringe {enlry pressure),
the DNAPL wili panatrate the watar table, This Is why DNAPL
is somelimes observad to lemporarily flatten out on top of the
watar table, Similarly, laboratory expariments have been
conducted in which DNAPL (tetrachloroethylana) infikrating
through porous media was found to flow laterally end cascade
off lenses too fine to penatrate (28). (reter to Figure 11). This
was attributed %o the inability of the DNAPL 1o overcoma the
high capillary prassure associated with (he lenses. Logically,
when “DNAPL pressure head” exceads the caplilary pressure,
the DNAPL will peretrate into the smaller pores. These
laboratory experiments are important because they illustrate
that small difterences in the capillary characteristics of porous
maedia can induce significant lateral fiow of non-wefling fivids.

A comprehensive investigation of capillary trapping and
multichase fiow of arganic liquids in unconsolidated porous
media revealad many intricacies of this process in the vadose
and =aturated zone {68). An important ncte is that while
capillary prassure i< rarely measurad at hazardous wasie sites,
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the soll texture (sand, sit, clay) is usually recorded during
ddlling operations and soll surveys. This Information, along with
800} core analysas will help to delineate the siratigraphy and
the volume distribution of NAPL,

In natural porous medla, the geomatry of tha pors spacs is
extramely irregular and complex (2). The heterogenaity of the
face environment Le, the variability of the pore size

distribution, directly affects the distribution of the capillary

ssuros slong the interfaces between the aqueous and

miscible phases (50). In salurated column experiments, i

was observed that NAPL preferentially traveled through sirings
of macropores, almost completely by-passing the water filled
micropores (66). In the same study, a heterogeneous
distribution of coarse and tine porous material ways simulated.
Most of the Incoming organic liquid preferentially traveled
through the coarse lens matarial.

in short 1erm column drainage experiments, results indicated
that the particie grain size Is of primary importance in
controlling the residual saturation ct a gasoling hydrocarbon
(19). Fine and coarse sands (€ry} were found to have 55%
and 149% rasidual saturation, respectively. The tiner the sand,
tha greater the residual saturation. During 1hese experiments,
the residual saturation was reduced 20-30% in a medium
sand and 60% In & fine sand when the sands were initially wet.
Soil pore water held tightly by capillary lorces in the small
pores will limit the NAPL 1o the largar pores, and thus, result in
lowar residual saturation. In a similar leboratory (unsaturated)
column study, the smaller the grain size used In the
sxperiment, the greater the residual saturation of the NAPL
(74). The rasidual saturation in the saturated column
experiments was found to be greater than the unsaturated
columns and was indepandent of the particle size distri-
bution,

These observations follow traditiona! capillary farce theory.
Residual saturation resulting from & DNAPL spill in the
unsaturated zons Is highly dependent on the antacedent
molsture content in the potous media. When the moisture
content ls low, the strong capillary forces in the smaller pores
will tenaciously draw in and hold the DNAPL. When the
molsture content is high, the capillary forces in the amailer
pores will retain the soil pore walter, anc DNAPL residual
saturation will mainly occur in the lazger pores. Therefore,

reater residual saturation can be expected in dryer soils.

rrespondingly, NAPL will migrate further in a wetler soil,

and displacement of NAPL from small pores is axpected to
be more ditficult than from large pores.

Siratioraphic Grad

DNAPL migrating vartically wili likaly encounter a zone or
stratigraphic unit of lower veniical permeability. A reduction in
the vertical parmeablity of the porous media will induce Iaterat
flow of the DNAPL. The gradient of the lower permaable-
stratigraphic unit will largely datermine the direction in which
the DNAPL will flow. This is appliceble to bath the saturated
and unsaturalod 20nes. As depicted in Figures 13a and 13b,
the lateral direction of DNAPL flow may be in a different
direction than ground-water flow.
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The ground water flow velocity is a dynamic stress parameter
which tends 1o mebilize the hydrocarbon (39). As the ground
water velocity Increases, the dynamic pressure and viscous
forces increasa. Mobilization of DNAPL occurs when the
viscous forcas of the ground water acting on the DNAPL,
exceeds the porous media capillary forces retaining the
DNAPL,

Saturation Dependent Functlons
Residual Saturai

Residual satyration Is defined as the volume of hydrocarbon
trapped in the pores relativa to the talal volume of pores (38)
and therefore is measured as such (74). Residual saturation
has also been described as the saturation at which NAPL
becomes disconlinuous and is immobilized by capillary forces
(36). The valuas of residual saturation vary from as low as 0.75
- 1.25% for light oil in highly permeable media to as much as
20% for heavy ail (50). Residual saturation values have also
been teported 10 range from 10% to 50% of the total pore
space (39,74). Other researchers reported that residual
saluration values appear to be relatively insensitive to flvid
properties and very sensitive 1o soil properties (and
hetsrogeneities) (66). Laboratary sludies conducled 10 predict
the residual saturation In soils with similar texture and grain
size distribution yielded significantly different vaiues. it was
concluded that minar amounts of clay or silt in a soil may play
a significant rolg in the cbsarved values.

In the unsalurated 2one during low maisture conditions, the
DNAPL residual saturation will wet the grains in a2 pendular
state (a ring of liquid wrapped around the cantact pointol a
pair of adjacent grains). During high moislure conditions, the
welling fluid, which is typically water, will preferentially occupy
the pendular area of adjacent grains and the hydrocarbon will
occupy other available pare space, possibly a9 isclated
dropleis. In the salurated zone, the DNAPL residusl saturation
will be presant as isolated drops in the open pores (47).
Furthermcrae, results of faboralory experimentation indicalsd

" that residual saturation increased with decreasing hydraulic

conductivity in both the saturated and unsaturated zones znd
that the residual saturation is grealast in the saturated zona.
Laboratory experiments indicated that vadose zone residuat
saluralion was roughly one third of the residual saturation in
the saturatad zone (€6). The increase in residual saturation in
the saturated zone is due to the following: {1} the fiuid density
ratio (DNAPL:air versus DNAPL water above and below the
water 1able, respectively) favors greater drainage in the vadase
zone; {2} as the nca-wetting tluid in most saturated media,
NAPL is trapped in the larger pores; and, |3] as the wetting
fluid in the vadose 2cce, NAPL tands to spread inlo adjacent
peres ang leave a lower residual content behind, a process
tha! ig inhibited in the saturaled zone (38). Thus, the capacity
for retention of DNAPLS in the unsaturated zona is less than
the saturated zone.

ive it

Ro'ative permeability is defined as the ratic of the permsability
o! a fluid at a givon saturation to its permeability at 100%
saturation, Thus it can have a value betwaan 0 and 1 {71).

e
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Figure 18 lustrates a relative permeability graph for a two fluid
phasae systent showing the relationship between the observed
permeablity of each fluld for various saturstions 10 that of the
observed parmeability f the sample wara 100% saturated with
that fluld (73). The three regions of this graph are explained as
foliows (7?: Raglon { has a high saturation of DNAPL and is
considered a continuous phase whila the water is &
discontinuous phase, therefore, water permeability is low,
Assuming the DNAPL 1s the non-wetting fluid, water would fill
the smaller capillaries and flow through small irregular pores. In
Ragion 1, both water and DNAPL are continuous phases
alkthough not necessarily in the same pores. Both water and

veo . Kt = rolative permeability .
(T
(V'3
g €30 ;
R o a.10 E
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Figure 16. Reistive permesbiiity graph.

NAPL flow simultangously. However, as saturation of either
phase increases, the relative parmeability of the other phase
correspondingly decreases. Region lil exhibits a high
saturation of water while the DNAPL phase is mainly
discontinuous. Water flow dominates tnis region and there is
litle or no flow of DNAPL.

Both fiuids flow through anly a part of the pore space and thus
only a part of the cross section urder consideration is available
for flow of each fluid. Therefors, tha discharge of each fiuid
must be lower corresponding to its proportion of the cross
soctlonal area (46).

Figure 17 is another relative parmezbility graph which
demonstrates several points. Small increases in DNAPL
saturation results in a significant redyction in the relative
permeabilty of water. Howevar, a small increase In water
s&furation does not result in a significant reduction in DNAPL
telative pormeabiliy. This figura identifies twe points, SO1 and
8§02, where the saturation of the DNAPL and the water are
greater than O before thers is a relative permeability for this
fivid. The two fluids hinder the movement of the other to
different degraes and both must reach a minimum saturaticn
before they achieve any mobility at ali {47). These minimum
saturations, for the water and ONAPY, are identified as
lereducible and residual saturation, respectively.
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Figure 17, The relative permesbliity curves for water and »
DNAPL In a porous medium as & tunctlon of the pore
space salurgtion.

Site Characterization for DNAPL

Characterization of the subsurlace environmant at hazardous
waste sites containing DNAPL is complex and will lkely ba
expensive. Specilic details associated with the voluma and
timing of the DNAPL relaase are usually poor or are not
available and subsurface heterogenaetty is responsible for the
complicated and unpredictable migration pathway of
subsurface DNAPL transpont. As discussed previously, slight
changes in vertical parmeability may induce a significant
horizantal companent ta DNAPL migration.

Stte characterization typically involves a significant investmant
in ground-water analyses. Athough analysis of ground water
provides uselul information on the distribution of the soluble
components of the ONAPL, the presance of oth¢r phases of
tha DNAPL may go unrecognized. The investigation must,
there!ors, be murw detalled to obtain information concerning
the phase distribution of the DNAPL at a site. Site
characterization may require analysas on all four phases
(aqueous, gaseous, solid, immiscible} to yield the appropriate
information {refer 1o Table 2). In brief, data collected on the
various phases must be compiled, evaluated end used to help
identify: where the contaminant is presently located; where it
has baan; what phases it occurs in; and what direction the
mabile phases may be going. A comprehensive review of site
characterization lor subsurface investigations Is available (68).
Dsvelopment of monitoring and remediation strategies can be
Tocused more effectively and efficiently after a cloar definftion
of the phase distribution has been completed.

Ground Water

Grourd water analyses lor arganic compounds, in conjunction
with ground water llow directicn data, has repeatedly been
used 10 delineate tha extent of ground water contamination
from DNAPL; determins the direction of plume migration; and



M o L UTE UL N S,

Table 2 - Phase Distribution of DNAPL In the Subsurface

EHASE

aqueous - soluble components of DNAPL

MATRIX

1. ground water

2. solvagulier solid - adsorbed components of DNAPL
material on solid phase material
3. DNAPL immiscible - continuous phase (moblls),
residual saturation (immobile)
4. soilgas gaseous - volatile components

fo entify probable DNAPL sourcs area(s). While this

ach has baen used succasslully to characterize the
distridution of contaminants in the subsuriace, thers are
kmbitations. For example, since DNAPL and ground watar may
flow in ditfarent directions, as Indicated in Figures 13a and 13b,
ground water analyses may not nocessarily identify the
diraction of DNAPL migration.

Ground water analyses may be usefu! lo identity probable
DNAPL source areas, but, estimating the volume of DNAPL in
the subsurface is limited using this approach. Soluble phase
components of DNAPL are rarely found in excess of 10% of
the solubilty even when organic liquids are known or
suspeciad Lo be presant. The concentration of soluble DNAPL
components in the ground watar is not only a function of the
smount of DNAPL prasent, but also the chemical and physical
charactaristics of the DNAPL, the contact area and time
betwoen the ground water and DNAPL, and numerous
transport and fale parameters (retardation, biodegradation,
disparsion, etc.). One technique has been develeped using
chemical ratios in the ground walter as a means of source
identification and contaminant fale prediction (18).

Soll/Aquifer Material

Exploratory Borings

Physlcal and chemical analyses of soil and aquifer material
{drill cuttings, cores) from exploratory borings will provide
uselul information In the delineation of the horlzantal and
vertical mass distribution of DNAPL, While simple visual
sxamination for physical presence or absence of contamination
might seem like a2 worthwhile techniqus, it can be deceiving
and does nothing 1o sort out the various liquid phasaes and thair

relationship 10 each other {71). A quantitative agproach is
necessary 10 defermine DNAPL disiribution.

Drill cuttings or core material brought 1o the surface from
exploralory borings can be screened initially to help delinaate
the depth at which volatile componenis from the various
phases of the hydrocarbon exis's. The organic vapor analyzer
and the HNU are small portable insiruments that can detect
certain volatile compounds in the air. These mathods are used
1o inkially screen subsurface materials for volatile components
of DNAPL. Identification of Individua! compounds and {heir
concenlrations may be conlirrred by other, more precise,
snalyses.
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Analysis of the soll or aquifer materia) by more accurate
means, such as gas chromatography or high pressure liquid
chromatography, will take longer but will provide more specific
information on a larger group of organic compounds, L.e.,
volatile/non-volatile, and on specific compounds. This
information is necessary 1o halp fix the horizontal and vertical
mass distribution of the contaminant and to help delineate the
phasae distribution. Thase analyses do not distinguish betwesen
soluble, sorbed or iree-phase hydrocarbon, however; 3 low
relative concentration Indicates that the contaminant may
mainly ba present in tha gaseous or aqueous phases; and a
high relative concentration Indicates the presencs of sorbed
contaminant or free phase liguid olther as continuous-phase or
residual saturation. A more ngorous set of analysas is tequired
to distinguish between the various phases.

Additional tests to Identily the prasence of NAPL in soil or
aquiter core sample are currently undevelopad and research in
this area is warranted. Squeezing and immiscible displacement
techniquas have been used 10 cbtain the pore water from
cores (40). Other metheds of phase separation involving
vacuum or centrifugation may also be developed for this use. A
paint fiter tes! was proposed in one Superund DNAPL fisld
invastigation where aquiter cores were placed in & fiterfunne!
apparatus, water was added, and the filtrate was examined for
separala phases. Thase core analysis techniques have
potantial to pravide valuable figld data to charactarize NAPL
distribution.

Cone Penetrometer

The cone penetrometer (ASTM D3441.86)(69) has been used
for somg time to supply data on the engineering proparties of
soils. Recently, the application of this technology has made the
ieap fo the hazardous waste arena. The resistance of the
formation Is measured by the cone penetrometer as it is driven
vertically into the subsurface. The resistance is interpreted as
2 measure of porg pressure, and thus provides infarmation on
the reiative siratigraphic nature of the subsurface. Petroleum
and chiorinated hydrocarbon plumes can be detecied mos!
etfactively when the cone penetrometer is used in conlunciion
with in-situ sensing technologies (48). Features of the cons
penatrometer include: a continuous reading of the stratigraphy/
permaeability; in-sitv measuremant; immediate results are
available; ime requirgments are mirimal; vertical accuracy of
stratigraphic composition is high; ground-water samplaes can be
colacted in-situ; and the cost is relatively low.

Data from the cong penetromater can be used to delineate
probable pathways of DNAPL transpont. This is accomplished
by identilying permeability profiles in the subsurface. A zone of
low permeabilty underlying a more permeable stratigraphic
unz will likely impeda vertical transport of the DNAPL. Wheara
such a scenatio is found, a callection of DNAPL is probable
and funher steps can be implemaented to more accurately and
economically investigats and conflrm such an occurrence.
This general approach has successlully been implemented at
one Superfund site {8).

DNAPL

2 2! r n

In ar effort 10 delinoata ths horizontal and vortieal extent of the
DNAPL at a spilf site, it is impoartant 1o determing the elevalion
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of DNAPL In the subsurlace. Monitoring DNAPL elevation over
time will indicate the mobility of the DNAPL. There are several
methods that can ba used to determine the presence of
DNAPL In a monttoring well, One method relles on the
ditference In electrical conductlvity betwaen the DNAPL and
water. A conductivity or resistivity sensar Is lowered Into the
well and & profile Is measured. The Interface of the DNAPL is
accurately determined when the differenca in conductivity is
detacted between the two fluids, This instrument may also be
used to delineate LNAPL. A transparent, bottom-loading baller
can also be used to measure the thickness (and to sample) of
DNAPL In a well (36). The transparent bailer Is raised to the
surlace and the thickness of the DNAPL s made by visual
measurement,

Several laboratory and fisld studies have bean performed
which investigate the anomaly between the actual and
measurad LNAPL levels In ground-water wells (15,16,24,25).
The anomaly between actual and measured NAPL thickness in
the subsurface is also applicable to DNAPL, but for differert
reasons. The location of the screening interval is the key to
undarsianding both scenarios. First, f the well screen interval
le shuated entirely in the DNAPL laysr, and the hydrostatic
head (watar) in the waell is reduced by pumping or bailing, then
to maintain hydrostatic equilibrium, the DNAPL will rise in the
wall (36,44,71) (refer fo Figure 18). Secondly, if the well screan
exiends into the barrier layer, the DNAPL measured thickness
will qxceed that in the formation by the length of the well below
the barrier surface (36) (refer 1o Figure 19). Both of these
scenarios will result in a greater DNAPL thickness in the wel!
and thus a false Indication (overestimate) of the actual DNAPL
thickness will result. One of the main purposaes ol the
monitoring well in 2 DNAPL Investigation is 1o provide
information on the thickness of the DNAPL in the aquifar.
Therefore, construction of the wal! screen should intercept the
ground water:DNAPL Intedace and the lower end of the screen
should be placed as ¢lose as possible to the iImpermeable
stratigraphic unit.

A W
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Measured > Actual

DNAPL Pool

Figure 18. A weli screened only in the ONAPL In eonfunction
with lower hydrostatic head {l.e. water} In the well

may reault in an ovarestimation of DNAPL thickness.
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Figurs 18, A well screened Into an impermeable boundary
may result in an over-estimation of the DNAPL
thickness.

DNAPIL Sampling

Sampling of DNAPL from a well is necessary 1o perform
chemical and physical analyses on the sample. Two of the
most common methods used to retriave a DNAPL sample from
a monitaring well are the peristaltic pump and the bailer. A
peristahic pump can be used 1o collect a sample i the DNAPL
is not beyond the effactive reach of the pump, which is typically
less than 25 fee!. The best method to sample DNAPL Is to use
& double check valve bailer. The key to sample collection is
controlled, slow lowaring (and raising) of the bailer 10 the
bottom of the well (57). The dense phase should be collected
prior to purging activities,

Solil-Gas Surveys

A soil-gas survey refers to the analysis of the soil air phase 23
a means 1o delineate undarground contamination from volatile
organic chemicals and several techniques have been
daveloped (34,52). This investigative tool is mainly used as a
preliminary screening procsdure to delineate the areal extent
of volatile organic compourds in the soil and ground water.
This method is quick, less expensive than drilling wells and can
provide greater plume resolution (33).

Data from a soil-gas survey Is a valuable aid in the
davelopmant of a more detailed subsurface investigation
where ground water monitoring welis and exploratory borings
arg strategically located for further site characterization. There
are limitalions to soll-gas surveys (26,52) and data
interpretation must be performed carefully (35,49). Scil-gas
investigations have malinly been conducted 10 identily the
locatien of the organic contaminants in ground water. At the
time of this publication, the sclentific literature did not contain
information spaecifically applicable to the delineation of DNAPL
from soil-gas survey data. However, It is surmisable that soil-
gas surveys can be usad to help dalineate DNAPL residual
satyration in the unsaturated zone or the location of perched
DNAPL reservous.
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The vertical migration of DNAPL In the saturated 20ne will
eventually be challenged by a low permeabllity stratigraphic
unlt. According to the principles of caplilary presaure, the lower

sabilty unit will exhibit a greater capiliary pressure.
m“amont of water by DNAPL requires that the hydrostatic
force from the mounding DNAPL exceed the capillary forcs of
the low parmeability unit, The Hobson formula is used to

o the critical height cakulation to overcome the

caplllary prassure under different pore size conditians (70).

in an effort to minimize further DNAPL contamination as &
resuk of drilling investigations, precautionary stepa should be
taken. Penetration of DNAPL reservolrs In the subsurface
during drilling activities offers a conduk for the DNAPL 10
migrate vertically into previously uncontaminated areas. h is
yory easy to unknowingly drill through a DNAPL poot and the
bed R sits on, causing the pool to drain down the hole into &
deeper part of the aquifer or Into a ditferant sgquiler (32).
Speclal attention to grouting and sealing details during and
after drilling operations will halp prevant cross-contamination.

Precautionary efforts should also be considered when 2
DNAPL reservoir is encountered during drilling operations. The
recommended approach Is to coase drilling operations and
Install a well scroen over the DNAPL 20one and cease further
grifling activities In the well. If It is necessary to drill deepar,
construction of an adjacent well is recommended. Alternatively,
¥ ks not necessary to screen off that interval, it is
recommended to carefully seal off the DNAPL zone pticr to
drifling deeper,

Waell construclion material compatibility with DNAPL should be
Investigated 16 minimize downhole material failure. A
construction material compatibility review and possible testing
will prevent the costly failure of well construction material. The
mantdacturers of well construction material are likaly to hava
the most extensive compalibility data and information
available,

Remediation

Remediation of DNAPL mainly involves physical removal by
either pumping or trench-drainiine systems. Removal of
DNAPL early in the ramediation process will aliminate the main
sourcs of contaminants. This step will substantialty imprcve the
overall recovery efficiency of the various DNAPL phases
including the long term pump and treat remediation eHorts for
soluble components. Remediation tachnologies such as
vacuum extraction, bicdegradation, ground water pumping,
and soil flushing ks mainly directed at the immobile DNAPL and
the various phases in which its components occur. Physical
barriers can be used In an effort 1o minimize further migration
of the DNAPL.

Cloan-up of DNAPL can Invoive sizable expenditures: they are
dificult 1o extract and the technology for their removal is Just
evolving (43). Historically, field recovary efforts usually procead
whth & poor understanding of the volums distribution of the
DNAPL. This reflects the dilficulties involved in adequate site
characterization, poor documentation of the release, and the
complexity associated with tha DNAPL transport in the
subsurface.
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Pumping Systems

Pumping represens an imponant measure to stop the mobile
DNAFL from migrating as a separate phase by creating a
hydraulic cantainment and by removal of DNAPL (44). Very
simply, DNAPL recovery is highly dependent on whether the
DNAPL ean be located in the subsurace. The bast recovery
scenario is one in which the DNAPL is continuous and has
collectad as & reservoir in a shallow, impermaable subsurface
depression. Once the DNAPL has baen located and recovery
wells are proparly installed, pumping of pure phase ONAPL s
a poasible aption but depends largely on sie spectic
conditions which include, but are not limited to: DNAPL
thickness, viscosity, and parmeability.

Many DNAPL raservcirs in the subsurface are of limited
volume and arsal extant, Therefore, # can ba expected that
both the level of DNAPL {saturated thickness) in the well will
decline from the prepumping position and the percentage of
DNAPL in the DNAPL:water mixture will decrease rather
rapidly. Corespondingly, DNAPL racovery efficlency
decroases. Field results Indicate that recovery wells screened
only in the DNAPL layer will maintain maximum DNAPL:water
ratlos (102). Well diameter was not found 1o influence long
term DNAPL recovery; however, large diameter wells aliow
high volume pumping for short durations; and small diameter
wolls result in lower DNAPL:water mixtures and groater
drawdown,

An enhanced DNAPL recovery schame may be used to
improve recovary efficiency. An additional well is constructed
with & screen intervai in the ground water zone locatad
vertically upward from the DNAPL screen intake. Ground water
is withdrawr. from the upper screen which results in an
upwalling of the DNAPL (70}, refar to Figure 20, The upwelling
of the DNAPL, coal tar in this case, improved the rate {twofold)
at which the coa! tar was recovered resulting In a more efficient
eparation. The ground water withdrawal rate must be carelully
detarmined; too much will result in the coal tar from rising
excessively and being eithar mixed {emulsions) with or
suppressed by the higher water velocity above; oo low will not
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Figure 20. A DNAPL recovery syslem whare dellbacste
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caused upwsliing. An estiiiatd of thly upwaliing can bé
cakuylated using the simplified Ghyben-Herzberg Principle
under ideal conditions (4). Laboratory studies Indicated that
dimethy! phthalate (1.19 g/cc) recovary rate was doubled or
tripled over the conventional, non-upcaning, recovery scheme
(75). A similar lpPl\caﬁon of this technique was used to
increase the leve! of DNAPL (solvents) in a sandstone bedrock
formation (11). Other enhanced DNAPL recovery technlques
were implemented utilizing both water flooding and wellbore
vacuum. Essentially, this minimized drawdown, allowing a
maximum pumping rate of the DNAPL:water mhturs. Both
techniquoo olfored eignificant wiventagas In terms of tha rate
and potential dogroo of DNAPL removal (8).

The highly corrosive nature of some DNAPL's may increase
maintenance problems associated with the recovery system. A
SREIR JUSHUILIUN YNy any DIVACL 1vgovery pragram
sheuld include a material compatibility review to minimize
downhale faliures. This is applicable to the well construction
muirtinl ang thA 1eneinne apnudonanmna of the recovery
system. Manulacturers d’;rw constructiah matarial would
most Iikely have the Bast compaiiiity kifurmation availablo.

While most sciantists agree that the residual saturation uf
immiscible hydrocarbon droplets in porous media are
immobile, researchers have Invastigated the mobility of
residual saturation in porous media for enhanced oil recovery
and {or NAPL remediation at spill sitea. Specifically, this
Includes a complex interplay betwean four forces (viscous,
gravity, capillary, buoyancy). These forces are depandent on
both the chemical and physical characteristics of the DNAPL
and porous media. The mobilization of residual saturation
mainly hinges on either increasing the ground water velocity
which Increases the viscous forces belween the residual
saturation and the ground watar, or decreasing the interfacial
tension between the residual saturation and the ground water
which decreasas the capillary forces.

The capillary number Is an empirical relationship which
measures the ratio betwean the controliing dynamic stresses
(absalute viscosity end ground watar velocity) and static
streases (interfacial tension) of the residual saturation {33). The
former are the viscous stresses and the dynamic pressure in
the water which tend to move the oil. The latier are the
capillary stresses in the curved water/oil intertaces which tend
1o hold the oil in place. As the capiliary number is increased,
the mobllity of the residual saturation increases. In a laboratory
column study, the capillary number had to be increased twe
orders of magnitude from when mction was Initiated to
complete displacement of the hydrccarbon in a sandstone ccre
(74). In a glass bead packed column, anly one order of
magnitude increase was required. Howevaer, & higher capiliary
number was requirad 10 Inltiate mobility, Tne ditference in
mobllity baetwaen the two columns was attributed to the pore
geometry, L.e. size, shape.

There are limitations 1o residual saturation mobilization. The
ground water gradient (dh/dl} necessary to obtain the critical
¢apillary numbet to intiate blob mobilization would be 0.24. To
obtain complate NAPL removal would require a gradient of 18
{3). Ground water gradients of this magnitude are unrealistic.
Ancther estimata of the gradient nocessary to mobilize carbon
letrachloride in a fine grave! and medium sand was 0.09 and
9.0 respactively (74). The formar gradient is steep but not
unreasonable and the latter gradient is very stsep and
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Il al to achiovo In the tield. The #ama rasaarchara
concluded from more recent, comprehensive siudies, that the
earliar predictions were optimistic. and that the gradient
necessary 10 mobilize residual organic liquid is clearly
Impractical (66), Another limitatian s thal along with residual
saturation mobllization, the NAPL blobs disperse Into smaller
blobs and that the blob distribution was dependent on the
resuling capillary number (6). Recovery of the NAPL residual
saluration by pumping ground water may be more feasible
where the porous madia is coarse and caplilary forcas are low,
i.0. coarse sands and gravel. Howaver, even In this scenario, it
ls expected that the radius of residual saturation mobilization
would be narrow.

it is held in petroleum englnesring theory that the only practical
means of raising the capillary number dramatically is by
Lhuaring tha intaracial tension 13é9) End that this can be
achieved by using surlactants (66). Surdactants radU24 N8
interfaclal tension between two liquids, and therefore, are
injected into the subsuriace lor enhanced recovery of
immi3ZiBIE RyBI3BTLLINY, {Ii 1A juny mupminanio: sudesant
fivshing solutinne prmdinad dramatic aains In {flushing even
after sutstantial watsr flughing had 1aken placo (64),
Unlurtlunatoly, surfactanta can be quite expansive and cost
prohibitive in NAPL recovery oparations. Surfactants are
usually polymaric in nature and a surfactant rosidue may ba
fef: behind in the porous madia which may not ba
environmentally acceptable. Additionally, surfactants may be
alkaling and thus aftect the pH of the subsurface environment.
h has been suggestsd that such a surfactant may inhibit
bacteriai metabolism and thus preclude subsequent use of
biological technologies at the site. Significant research in this
area is currently underway which may uncover information
improving the econor..o» and feasibility of this promising
technology.

In summary, practical considerations and recommandations
concerning the mobilization and recovery of residual saturation
inc'uda the foligwing: greater effectiveness in very coarse
porous media i.e. coarse sands and gravel; recovery walls
should be installed ¢lasa to the source to minimize flow path
distance; a large volume of walar wili require treatment/
disoosal at the surlaze; compounds with high interacial
tension or viscosity will be difficult 10 mobilize; and implemen-
tation of linear one-dimensicnal sweeps through the 20ng$ of
res:dual saturalion (74) and surfaciants will oplimize recovery.

Pumping the soluble components {aqueous phase) of DNAPL
from the immiscible (continuous and residual saturation), solid
{sorbed), and gaseous phases has been perhaps one of the
moest e'factive mears 10 date to bath recover DNAPL from the
subsuriace and to prevent plume migration. Recovery of
soluble companents quite attan has been the only remediation
means avaiable. This is largely attributed 1o the inability to
locate DNAPL pools and due to low, DNAPL yis!ding
formations. The basic principles and theory of pump and treat
technology and the successes and failures have been
summarized in other publications (64,67) and is beyend the
scope of this publication.

Pumping solubilized DNAPL components from fractuted rock
aquiters historically tas been plagued with a poor recovery
eficiency. Although the rock matrix has a relatively small
intergranular pordsiy, it is commonly lazge enough 1o allow
dissolved contaminants from the fractures 10 entar the matrix
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by diffusion and be stored there by adsorption (32). The
release of these components is expectad to be a slow ditfusion
dominated process. This is becauss little or no water flushes
Uuvwli Juad ond frasturs gagmn~te ~* thmigh tha parnig.
MOUS rockindulx, Theieloro, elcan=ug-gadrtickly
estimated o be less 1144 1haL sxpoctud lur said and gravel

squifers.

Tranch Systems

Trench systems have also been used successtully 1o recover
DNAPL and are used when the reservoir is located near the

round surface. Trench systems are also effective when the

NAPL Is of limited thickness. Recovary lines are placed
horizontally on top of the impermeabla stratigraphic unit.
DNAPL flows into the collection trenches and seep Into the
recovery fines. The lines usually drain to a collection sump
whaere the DNAPL s pumped 10 the surface. Similar 10 the

umping system, an enhanced DNAPL recovery scheme may

implementad uding druin linue 18 impreve resoysry

efficiency. This *dual drain line system® (41) utilizes & drain line
located in the ground water vertically upward from the DNAPL
line. Ground water is withdrawn from the upger screen which
results in an upwalling of the DNAPL which is collectad in the
lower line, refer to Figure 21, This increases the hydrostatic
head of the DNAPL. Excessive pumping of either single or dual
drain line systems may resull in the ground water "pinching off*
the flow of DNAPL to the drain line. An advantage of the dual
drain system is that the oil:water separation requiremsnis at
the surface are reduced,

AL, )
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Vacuum Extraction

Soll vacuum extraction {SVE) Is a remediation technology
which involves applying a vacuum 10 unsaturated subsurface
sirala fo Induce air flow. Figura 22 illustrates that the volatile
contaminants present in the contaminated strata will evaporate
and the vapors are recovered at the surface and treated.
Common methods of treatment include granular activated
carbon, catalytic oxidation, and direct combustion. SVE can
effectively ramove DNAPL present as residual saturation of its
soluble phase components In the unsalurated zone, In general,
vacyum axtraction is expected to be more applicable for the
chlorinated solvents (PCE, TCE, DCE) than ths polycydlic
aromatic compounds (wood preserving wastes, coal tars, etc.).
Whaen DNAPL is present in perched pools (Figure 12) & Is more
sflactive to remove the continuous phase DNAPL priar to the
implementation of SVE. The same sirategy Is applicable in the
saturated 2one where DNAPL removal by SVE is attempted
concomitantly with lowering the water table. Upon lowering the
walaer table, SVE can be used to remove the remnant volatile
wastes not previously recovered. Often, the precise location of
the DNAPL is unknown; therelore, SVE can be used to '
remaediate the genaral areas where the presence of DNAPL is
suspacted, Ramoval of DNAPL by SVE is not expacted to be
as rapld as direct removal of the pure phase compound. One
advantage of SVE however, is that tha precise location of the
DMAPL nea ant ha knawn.

Important parameters influencing the efficacy ol SVE concern
both the DNAPL and parous media. Porous madia specific
parameters include:; $31 SAIMASBINY, PUILSIY, Uuyaik Lwlu,
molsture, struclure, and particle size distribution, DNAPL
specific parameters include: vapor pressure, Henry's constant,
solubility, adsorptian equilibrium, density, and viscosity (20).
These paramaters and their relationships must be evaluated
on a site specilic basis when considering the feasibility of
vacuum extraction and a practical approach to the design,
ranatnirtinn. and ooeration of venling systems (22),

Adgin iy, enil pas enrvays which dalinoalo Vé&
wncantration a3 a function of degth it ~ritiral in locating the
contaminant source and designing an SVE system. -

Histerically, SVE has been used 1o remove volatile compounds
from the soil, Recentyy it has been obsarvad that SVE
anhances the biodegradation of volatile and semivolatile
organic compounds in the subsurface, While SVE ramoves
volatile components from the subsurface, it also aids in
supplylng oxygen to biological degradation processaes in the
unsaturated 2one. Prior 10 soil venting, it was believed that
biodegradation in the unsaturated zone was limited due to
Inadequate concentrations of oxygen {17). In a lield study
where 8ol venting was used to recover jet fuel, it was observed
that approximately 15% of the contaminant remova; was from
the resuk of microbial dagradation. Enhanced aerobic
biodegradation during SVE nxrudsus the coxt sffectivunuos of
the technology due to the reduction in the required above
ground treatment.

Vacuum extraction is one form of pump and trea1 which oceurs
in the saturated zone where the fluid is a gas mixure.
Therefore, many o the samae limitations 10 ground water pump
and treat are also applicable to vacuum extraction. While the
application of vacuum extraction is conceptually simple, its
success depends on understanding complex subsurface
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Figure 22. Vacuum extraction of DNAPL volatile components
: In the unsatursted zone. As shown hers, vapors tre
treated by thermal combustion ot carbon sdsorp-
{lon snd the air is discharged 10 the atmosphers.

chemical, physicat, and biclogical processes which provide
insight into factors limiting its perfcrmarice (39).

Blodegradation

The potential for biodegradatian o! immiscible hydrocarban is
highly limited for several reasons. First, pure phase
hydrocarbon liquid is a highly hostile enviroamant 1o the
survival of most microorganisms. Secondly, the basic
requirements for micrablological proliferation {nutrients,
elactron acceptor, pH, moisture, osmotic potential, etc.) is
difficult if not impossible 1o deliver or maintain in the DNAPL. A
major limitation to asrobic bioremadiation of high
concentrations of hydrocarbon is the inability to deliver
sufficient oxygen. A feasible remediation approach at sites
whare Immiscible hydrocarbon is present is a phased
technology approach, Initial efforts should focus on pure phase
hydrocarbon recovery to minimize further migration and to
decraase the volume of NAPL requiring remediatien.
Following NAPL recovery, other technologies could be phased
into the remediation effort. Bicremediation may be one such
technology that could be utilized to further reduce the mass of
contaminants at the site. NAPL recovery preceding
bioremediation will Improve bioremadiation feasibility by
reducing the toxicity, tima, resourcas, and labor,

Similar to other remaodiation technologies, a comprehensive
feasiility study evaluating the potantial effectiveness of
bicremedlation is critica! and must be evaluated on 2 site
spedilic basis. A comprehensive review of bicdegradation of
surface soils, ground water, and subsolls of wood preserving
wastes, i.0. PAH's {29,37,51,62,63) are available. A
comprehensive review of micrabial deccmposition of
chiorinated aromatic compounds is also available (58).
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Soll Flushing

Soil flushing utilizing surfactants is a technology that was
developad years ago as a method 1o enhance ofl recovery in
the petroleum industry. This technology Is new 1o the
hazardous waste arena and available information has mainly
been generated from laboratory studies. Surfactant soll
flushing can proceed on two distinctly differant mechanistic
levels: enhanced dissolution of adsorbed and dissolved phase
contaminants, and disp'acemant of Iree-phass nonaquecus
contaminanis. These two mechanlsms may occur
simultananusiv during soil flushing (42).

Surtactants, aikalis, and polymere ara chamicals used to
madify tha pare-lavel physical forces resoonsible for
(AMBBIZING UNAPL. I VUL, uuriasiaits mird pliofin radiian
tho ourfaes 8naiTn 2 1tyie 3= *n~ PMADL and watar which
increases the mobility. Polymers are added fo increass the
viscosity of the flushing fluid to minimize the fingering effects
and fo maintain hydraulle control and improve fiushing
efficiency. Based on successiul laboratory oplimizaticn studies
where an akali-polymer-surfactant mixture was usad, field
studies were conducied on DNAPL (crecsote) which resulted
in recovery of 94% of the original DNAPL (42). Laboratory
research has also been conducted which indicated that
aqueous surfactants resulted in orders of magnitude greater
temoval efficiency of adsorbed and dissolved phase
contaminants than water flushing (55).

Depth to contamination, DNAPL distribution, permeability,
heterogeneities, soiliwater incompatibility, permeability
reduction, and chemical retention are imponant factors when
considerirg soil flushing (42). Prior to this technslogy being
cost effactive in the liuio, surfactant recycling will be necessary
1o optimize surfactant use (55). Soil flushing is complex from a
physical and chemical point of view; is relatively untested in the
fieid; and wiil lkely be challenged reguiatority. Considerable
research currantly being conducted in this area may result in
the increased use of this tachnology to improve DNAPL
recovery in the future.

Thermal methods of soil flushing involve injecting hot water of
steam in ar effort to mobilize the NAPL, The elevaled
tamperatura increases volatiiization and solubilization and
decreases viscosity and density. A cold-water cap is used o
preven! volatiiization, The mobile phases of the DNAPL are
then recovered using a secondary approach, i.e. pumping,
vacuum extraction etc. This approach (Contained Recovery of
Qily Wastes) to enhance recovery of DNAPL is currently under
EPA's Superund Innovative Technology Evaluation Program
and a pilat-scale dem.onstration is forthcoming (21). A
limitation in the use of thermal methods is that the DNAPL may
be converted to LNAPL due te density changes (36). The
acverse effacts lrom this are that the DNAPL, existing as a thin
layer, becomas buoyant and mobilizes vertically resulting in a
widar dispersal of the contaminant. Other limitations involve
the high energy costs assoclated with the elevated water
temperature and tha heat loss in the formation (36).

Physicsl Barriers

Physical bariers ray be used 1o prevent the migration of
DNAPL's in the subsurface and a‘e lypically used in
conjunction with other recovery means. One feature of physical




" bartiers Is the hydraulic control it offers providing the

opportuntty fo focus remediation strategies in treatment cells,
Unfortunately, physical barriers, while satislactory in terme of
ground water controf and containment of dissolved-phase
plumes, may contain small gape cr discontinuitles which could
permkt escape of DNAPL (7). Chemical compatibility betwoen
slcal barrisrs and construction malerial must agres to

sure the physical Integrity of the barrier. The history of the
perlormance of these containment technologies is poorly
documented and Is mainly offered here for completeness of
review. A more complete review of thesa physical barrlers is
availeble (5,56).

Sheet piling invalves driving lengths of steel that connect
together Into the ground to form an impermeabls barrier 1o
tataral migration of DNAPL. Idaally, the bottom of the sheet pile
shouid be ﬂartlally driven into an impermeable layer to
complete the seal. Slurry walls involva construction of & trench
which is backfilled with an imparmeable slurry (bentonite)
mixture. Grouting Is a procass where an impermaable mixture
Is elther Injected into the ground af is pumped into 4 series of
Interconnected boreholes which togather form an impermeabls
boundary. Again, the main feature of these techniques is to
physically isolate the DNAPL.

In summary, site characterization and ramediation options for
sites containing DNAPL are limited. Field data from site
characterization and remaediation eflonts are alsa limited. This
Is largely due 10 the complexity of DNAPL transpor and fate in
the subsurace, poorly daveloped techniques currantly
availabla to observe and predict DNAPL in the subsurlace, and
iillim lmté’lu! hic jesus hag nrt r=a= widaly snsngnized nntil
recently. Cloarly, there Is a growing re&l344&R WitRIR 1Y
sclentific and regulatory community that DNAPL is a significant
tactor in limiting site remediation. Corraspondingly, current
research efforts within the private, industrial, and public sectors
are focusing on both tha fundamentals and applications
aspecis of DNAPL behavior in subsurface systems.
Additionally. the number of lield investigaticns reflecting an
ncreaded AWArSNESS 81 UNAPLY, Is yiuwhy.

DNAPL Modeling

A modeling overview repon identified nineteen (numeric and
snalytic) muliphase flow models which ara currently available
(60). Most of these mods!s were davaloped for salt water
Intrusion, LNAPL traasport, and heat tlow. Four models are
quaslitatively described as immisclble flow models but do not
specifically indicate DNAPL. A more recent mocel has been
developed which simulates density dtiven, three phase flow,
that is capable of modaling DNAPL transpor (23). Presently,
very fittle information is available on DNAPL modeling in the
sclentific literature,

Multiphase flow modeling invoives modeling systems where
more than one continuous fluid phase (NAPL, water, gasecus)
Is present. Modeling any subsurface system requires a
conceptual understanding of the chemical, physical, and
blological processes occurring at the site. Modsling of
simultangous flow of more than one {luid phase requiras a
conceptual understanding of the fluids and the relationship
between the fluid phases. The significance of multiphase flow
over single phase flow is the increased complaxity of tluid flow
and the additional data requiremants necessary for madaling.
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As pressnted earfier, numerous variables strongly influence
DNAPL transpon and fate, and consequently, the
mathamatical relationship of these varlables is complex.
Therelora, & follows that DNAPL modaeling presants paramount
technical challenges.

Presently, it is exceedingly difficull 1o obtain accurate field data
which quantitatively describes DNAPL transport and fate
variablas within reasonable economk constraints. DNAPL
transport is highly sensitive to subsurface heterogenelties
(8,27,28) which compounds the complexity of modeling.
Heterogeneltias ars, by natura, difficut to identdy and quantify
and modals arg not well equipped to accommodate the
influence of heterogeneities. Additionally, relative permeability
and capillary pressure functions must be quantified to identity
the relationship betwasen fluids and betwaeen the fluids and the
porous madia. Unfortunately, these parameters are very
difficult to measure, particularly in three phase systems, Prior
10 an Investment of time and money 1o moda! a given site, a
carefu! evaluation of the specliic objectives and the conlidence
of the input and anticipated output data should be performed.
This will help Mluminate the costs, banelits, and therelore, the
relative value of mcdaling in the Suparfund decision making
process.

in summary, DNAPL modeling at Supedund sdes is presently
of limited use. This is mainly due 10: the fact that very little
information is available in the scientific eralure 1o evaluate
previous work; accurate and guantitative input data is expected
1c be costly; the sensitivity of DNAPL transpont to subsurface
hsterogeneities; and, the difficulty in defining the

hatarnnanait. f "n the lield and reflecting those In a model.
nuweym, uliphuoy fluw mudolo ers /Ry HY§ &2 1Rmsy
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